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h i g h l i g h t s
 Denitrifying catabolic genes were used to infer on N2O and N2 losses during swine slurry composting.
 During the thermophilic composting stage most of the N losses occurred as NH3 and N2 emissions.
 Changes in norB and nosZ genes abundance were indicative of N2O emissions.
 The catabolic narG, nirS, and nosZ genes were signiﬁcantly correlated with N2 emission.
 Functional genes were useful to estimate N emissions and minimize uncertainties on mass balances.a r t i c l e i n f o
Article history:
Received 27 March 2013
Received in revised form 26 April 2013
Accepted 28 April 2013
Available online 7 May 2013
Keywords:
Functional genes
Greenhouse gases
Denitriﬁcation
Nitriﬁcation
qPCRa b s t r a c t
This work evaluated N dynamics that occurs over time within swine slurry composting piles. Real-time
quantitative PCR (qPCR) analyzes were conducted to estimate concentrations of bacteria community har-
boring speciﬁc catabolic nitrifying-ammonium monooxygenase (amoA), and denitrifying nitrate- (narG),
nitrite- (nirS and nirG), nitric oxide- (norB) and nitrous oxide reductases (nosZ) genes. NH3-N, N2O-N, N2-N
emissions represented 15.4 ± 1.9%, 5.4 ± 0.9%, and 79.1 ± 2.0% of the total nitrogen losses, respectively.
Among the genes tested, temporal distribution of narG, nirS, and nosZ concentration correlated signiﬁ-
cantly (p < 0.05) with the estimated N2 emissions. Denitrifying catabolic gene ratio (cnorB + qnorB)/
nosZP 100 was indicative of N2O emission potential from the compost pile. Considering our current
empirical limitations to accurately measure N2 emissions from swine slurry composting at ﬁeld scale
the use of these catabolic genes could represent a promising monitoring tool to aid minimize our uncer-
tainties on biological N mass balances in these systems.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Swine slurry (SL) composting is an important strategy for the
sustainability of intensive swine production systems in locations
where cropland area for manure recycling are limited geographi-
cally. Therefore, composting practices can be utilized to reduce
overall manure volumes while simultaneously increasing its nutri-
ent concentration value (Kunz et al., 2009). This can ultimately
lower the costs associated with SL transportation and promote
the development of new economical revenues by trading and
exporting the composted fertilizer to surroundings agriculturaldemanding regions (Kunz et al., 2005, 2009). Unfortunately, during
composting processes important nitrogen sources (up to 60% of the
total N input in the compost piles) can be lost to atmosphere
diminishing its nutrient quality while simultaneously contributing
to potential greenhousing emissions (e.g., NH3 and N2O) (Paillat
et al., 2005; El Kader et al., 2007).
During the early thermophilic stage of composting the high
temperature and NH4+ concentration favors NH3 volatilization
which accounts for 9–29% of the total N losses (Fukumoto et al.,
2003; El Kader et al., 2007). Biological nitriﬁcation and denitriﬁca-
tion processes further contribute to N2O emissions (up to 10% of
the total N losses in SL composting) (Fukumoto et al., 2003; Szanto
et al., 2007; Tsutsui et al., 2013). N2 emissions, however, plays a
crucial role in N losses during composting processes accounting
for up to 68% (Paillat et al., 2005). It is worth noting, however, that
most uncertainties on N mass balances from composting systems
are associated with our current empirical limitations to accurately
measure N emissions.
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reaction (qPCR) might offer simple and relatively inexpensive indi-
rect evidence of the major microbiological processes involved in N
cycle within composting process. Several studies have successfully
demonstrated the use of speciﬁc genes frequency to infer on bio-
degradation rates (Da Silva and Alvarez 2007; Da Silva, 2008). Sim-
ilarly, direct correlations between levels of mercuric reductase
(merA)-speciﬁc transcripts and Hg (II) volatilization rates have also
been observed (Jeffrey et al. 1996). Correlations between nitrify-
ing/denitrifying genes with N2 and N2O emissions from soils was
also demonstrated (Cˇuhel et al., 2010; Maeda et al., 2010). There-
fore, the quantiﬁcation of nitriﬁcation/denitriﬁcation catabolic
genes could be used to infer on biologically mediated N2O and N2
emissions that occurs within SL composting processes ultimately
minimizing our N mass balances uncertainties.
The objective of this work was to evaluate N dynamics that oc-
curs within SL composting process over time. Emphasis was placed
on determining potential correlations between N2 and N2O emis-
sions with the concentration of dominant catabolic nitrifying and
denitrifying bacteria genes known to play a crucial role on N
metabolism.
2. Methods
2.1. Composting piles
Swine slurry composting experiments were conducted for
35 days inside a polyethylene greenhouse located at Embrapa
Swine and Poultry (Concordia, Brazil: 27 180 4600 S, 54 590 1600
W). Triplicates of composting piles were prepared inside wood
boxes with the following dimensions: 2.1  1.5  0.8 m
(L W  H). To achieve a ﬁnal ratio of 7.9 L of SL for kg of WS (Ta-
ble 1), fresh SL was mixed with 300 kg of wood shavings (WS) in a
total of six applications distributed over time (days): 727 L (1), 724
L (8), 217 L (16), 215 L (17), 247 L(22), 252 L (30). To promote aer-
ation the compost pile was manually mixed on days 4, 11, 14, 18,
21, 24, 28, and 32. The leachate produced during the process was
collected and reintroduced onto the piles. A thermocouple was in-
serted at the center of the piles to monitor changes in temperature
(Testo 174H data logger; Testo, Germany).
2.2. Mass balances
Samples of WS, SL and compost material (approximately 1 kg)
were collected on days 4, 8, 18, 21, 28, and 35 for physical–chem-
ical characterization. WS and compost dry matter (DM) content
was determined by weight (105 C overnight). Total solids (TS),
volatile solids (VS), Kjeldahl nitrogen (TKN), ammonium-nitrogen
(NH4+-N), nitrate- (NO3-N) and nitrite-nitrogen (NO2-N), as well
as total phosphorus (TP) were analyzed by 2540.B, 2540.E, 4500.C,Table 1
Residue inputs in composting piles.
Parameter Time (d)
1 1 8 1
Incorporation
1 2 3
WS SL SL S
DM/TS (kg) 267.9 31.8 26.9 1
VS (kg) – 22.9 19.1 1
TN (kg) 0.74 2.80 2.41 1
Org-N (kg) 0.74 1.06 0.91 0
NH4+-N (kg) – 1.73 1.49 0
WS: wood shavings, SL: swine slurry, DM: dry matter, TS: total solids, VS: volatile solid4500.D, 4500.F, and 4500-P protocols (APHA, 2005), respectively.
All samples were analyzed either as triplicate or duplicate and
the results presented as average.
Total and organic nitrogen (TN and Org-N) were calculated as:
TN ¼ TKNþ NO3  Nþ NO2  N ð1Þ
Org N ¼ TKN NHþ4  N ð2Þ
Non-volatile Pt inputs (WS + SL) and recovery on compost sam-
ples was used to check the mass balance within the piles. The aver-
age error determined for Pt mass balance (15.6 ± 2.5%) was low in
comparison to similar studies (El Kader et al., 2007).
2.3. Emissions
A transparent PVC chamber measuring 12 m3 was built over
each composting piles to collect CO2, CH4, N2O, NH3 and water va-
por emissions. To collect the gases a 300 mmØ i.d. PVC tube was at-
tached to the chamber where a 1/6 horsepower axial blower was
connected to provide a continuous air ﬂow rate of 1.5 m3 h1.
Gases were monitored every 4 min using a multipoint gas sampler
INNOVA 1309 equipped with infrared photoacoustic gas analyzer
INNOVA 1412 (Lumasense Technologies, Denmark). Emissions
rates were calculated as follow:
E ¼ QxðCo  CiÞ ð3Þ
where, E is emission rate (mg h1) of a particular gas (CO2–C, CH4–C,
NH3–N or N2O–N); Q is the air ﬂow (m3 h1); and Co and Ci were the
outlet and inlet concentrations (mg m3), respectively.
N2–N emissions were estimated based on the difference of TN
losses assessed through mass balance and the NH3-N and N2O-N
emissions measured from the composting piles in every sampling
period (Paillat et al., 2005).
2.4. Real-time quantitative (qPCR) analyses
Functional genes associated with nitriﬁcation and denitriﬁca-
tion were quantiﬁed over time from the composting process to
elucidate the role of nitrifying and denitrifying bacteria on N
dynamics and emissions. Total bacteria concentration was esti-
mated by the ampliﬁcation of 16S rDNA region using primers
from a conserved region among members of the Bacteria domain
(Escherichia coli positions 1055–1070 and 1413–1427). Nitriﬁca-
tion processes were correlated with the presence of bacteria-har-
boring ammonium monooxygenase (amoA) genes. Nitrate (narG),
nitrite (nirS), nitric oxide (cnorB and qnorB) and nitrous oxide
(nosZ) reductases genes were used to infer on denitriﬁcation
(Table 2).
Bacterial DNA was extracted from the composting sediments
using UltraClean Microbial DNA isolation kit (MoBio LaboratoriesTotal
6 17 22 30
4 5
L SL SL SL
7.0 19.0 28.6 36.4 427.7
3.8 12.6 23.6 28.0 120.0
.04 1.06 1.25 1.57 10.87
.40 0.40 0.47 0.59 4.59
.65 0.66 0.78 0.97 6.28
s, TN: total nitrogen, Org-N: organic nitrogen, NH4 + -N: ammonium-nitrogen.
370 G. Angnes et al. / Bioresource Technology 140 (2013) 368–375Inc., USA) according to manufacturer’s instructions. PCR mixtures
contained 1  SYBR GREEN/ROX (Ludwig Biotec, Brazil); 500 nM
forward and reverse primers (Prodimol Biotecnologia, Brazil)
and sterile DNAse-free water to make up a ﬁnal volume of 25 lL.
PCR reactions were performed using a Rotor Gene 6000 (Corbett
Research, NSW, Australia). Primers sequence and PCR speciﬁc tem-
perature conditions were previously reported for ampliﬁcation of
amoA (Rotthauwe et al., 1997), narG (López-Gutiérrez et al.,
2004), norB (Braker and Tiedje, 2003), nirS (Braker et al., 1998),
nosZ (Chon et al., 2011) and 16S rDNA genes (Ferris et al., 1996).
DNA standard curves for 16Swere obtained by 10-fold dilutions
of genomic DNA from E. coli (ATCC 35218) or cloning. PCR products
of the expected size were ligated into the pCR 2.1-TOPO vector
(Invitrogen, USA) and transformed into DH5a E. coli competent cells
(Sambrook and Russel, 2001). Clones were grown in Luria–Bertani
medium plates supplemented with ampicillin (50 mg/ml). Colonies
were chosen and the plasmidial DNA was extracted by alkaline
method (Sambrook and Russel, 2001). The presence of the inserted
sequence in plasmid DNA was conﬁrmed by conventional PCR and
plasmid concentrations were measured using a Nano-drop spectro-
photometer. Serial dilutions of 101–109 gene copiesmL1were used
to prepare calibration curves. The gene copy numbers in each sam-
ple was estimated based on the following equation:
Gene copy numbers lL1 ¼ ðlgDNAlL1Þ=ðbp genome1
 bplgDNA1  genes genome1 ð4Þ
This equation assumes the size of the bacterial genome base
pair (bp) used as the standard in the calibration curves (bp)
(http://www.genomesonline.org) and there is approximately
9.1  1014 bp lg1 of DNA. The detection limit of each assay was
P102 gene copies mL1.
2.5. Statistical analysis
Signiﬁcant correlations (p < 0.05) between physical–chemical
parameters (temperature, moisture, NO3-N, NO2-N, N2O-N and
N2-N emissions) with nitriﬁcation and denitriﬁcation genes (16S,
amoA, narG, nirS, cnorB, qnorB, and nosZ) were evaluated utilizing
Pearson’s coefﬁcient (r) and the software SigmaPlot 12.3 (Systat
Software Inc., 2011).
3. Results and discussion
3.1. Composting pile temperature and moisture
Following SL addition the temperature of the compost piles
started to increase from ambient temperature (15 C) to 54 C (atTable 2
Primer sequences, fragment sizes and thermal proﬁles used.
Primers Sequence (5’ – 3’) Therma
16Sf ATGGCTGTCGTCAGCT 95 C/5
16Sr ACGGGCGGTGTGTAC
amoA1f GGGGTTTCTACTGGTGGT 94 C/5
amoA2r CCCCTCKGSAAAGCCTTCTTC
narG2f TA(CT) GT(GC) GGG CAG GA(AG) AAA CTG 95 C/5
narG2r CGT AGA AGA AGC TGG TGC TGT T
nirS2f TACCACCC(C/G)GA(A/G)CCGCGCGT 95 C/5
nirS3r GCCGCCGTC(A/G)TG(A/C/G)AGGAA
cnorB2f GAC AAG NNN TAC TGG TGG T 95 C/5
cnorB6r GAA NCC CCA NAC NCC NGC
qnorB2f GGN CAY CAR GGN TAY GA 95 C/5
qnorB5r ACC CAN AGR TGN ACN ACC CAC CA
nosZf AGAACGACCAGCTGATCGACA 95 C/5
nosZr TCCATGGTGACGCCGTGGTTG
Ferris et al., 1996; Rotthauwe et al. 1997; López-Gutiérrez et al., 2004; Braker et al., 199
a 40 cycles.day 6) (Fig. 1). Moisture decreased from 74% to 68% during the
same period. Additional increment of SL into composting de-
creased pile temperatures (34.5 C) momentarily while simulta-
neously increasing moisture content (76%). Following the third
application of slurry the temperature in the compost pile estab-
lished (38–49 C) maintaining moisture content at 75%. The contin-
uous addition of SL over time into compost supplied sufﬁcient
amount of carbon source (as VS) to support metabolically active
aerobic heterotrophic bacteria (Table 1). The observed lower pile
temperatures after eighteen days could be associated with oxygen
limitations to sustain aerobic biological activities.3.2. CO2-C and CH4-C emissions
CO2-C emissions were promptly observed following the ﬁrst SL
application and kept increasing overtime (from 0.8 to 3.2 kg CO2–C
d1) as result of aerobic bacteria respiration (Fig. 2). Mixing the
piles facilitated oxygen intrusion into the compost thus encourag-
ing proliferation of aerobic bacteria while suppressing oxygen sen-
sitive methanogen activity. However, the high organic loads and
intense biological activity accompanied by the rapid consumption
of available oxygen and other preferential electron acceptors led to
formation of methanogenic niches as indicated by the presence of
CH4-C emissions (0.01–0.19 kg CH4-C d1) since the ﬁrst day of
experiment (Fig. 2). Overall, CH4-C accounted for 4.2% of the total
CO2–C + CH4–C loss from compost piles.3.3. Nitrogen dynamics
After three SL additions into composting the TN content in-
creased from 0.7 to 5.4 ± 0.2 kg pile1 while Org-N and NH4+-N
reached 2.9 ± 0.2 and 2.5 ± 0.1 kg pile1, respectively (Fig. 3a).
NO3-N and NO2-N accumulation were negligible up to 18th
day. Afterwards, TN and NH4+-N content in the compost piles de-
creased to 5.0 ± 0.3 and 1.9 ± 0.3 kg pile1, respectively, while
Org-N content had a slight increase to 3.1 ± 0.1 kg pile1. NO3-N
content increased to 13.4 ± 7.6 g pile1 in the same period, while
no signiﬁcant accumulation of NO2-N was registered. Differences
on N species accumulation among the two periods are related with
the lower N inputs in the second (after 18th day) in relation to the
ﬁrst period (before 18th day).
Despite the increase on N content veriﬁed up to 18 days after
the beginning of the experiment, N losses were pronounced during
this period (Fig. 3b). TN losses averaged 0.17 ± 0.01 kg N pile1 d1
and achieved 54 ± 3% of the TN input into the composting piles
after 35 days. Org-N had a slight increase in the ﬁrst 4 days ofl proﬁlea Size (bp) Source
min, 95 C/15 s, 53C/15 s, 72 C/40 s 357 1
min, 94 C/60 s, 60 C/90 s, 72 C/90 s 490 2
min, 95 C/15 s, 58 C/15 s, 72 C/60 s 110 3
min; 95 C/15 s, 53 C/15 s, 72 C/60 s 164 4
min; 95 C/30 s, 54 C/45 s, 72 C/45 s 389 5
min; 95 C/30 s, 54 C/45 s, 72 C/45 s 262 5
min; 95 C/15 s, 53 C/15 s, 72 C/608 s 380 6
8; Braker and Tiedje, 2003; Chon et al., 2011.
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Fig. 1. Variations in temperature and moisture content within the composting piles. Error bars are standard deviation from triplicate. Letters indicate periods of slurry
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then started to decrease at average rate of 0.06 ± 0.01 kg N pile1 -
d1 (26% of the TN loss after 35 days). NH4+-N loss represented in
turn 74% of the TN loss observed in the experiment
(0.11 ± 0.01 kg NH4+-N pile1 d1).
3.4. NH3-N and N2O-N emissions
Controlling N losses during SL composting is relevant in order to
minimize atmospheric pollution (e.g., N2O and NH3) as well as im-
prove the quality of the organic fertilizer produced. NH4+-N re-
moval at the beginning of the composting (Fig. 4b) wasattributable to assimilatory nitrogen ﬁxation as evidenced by the
concomitantly increase in Org-N content (up to day 4). Notwith-
standing the consumption of NH4+-N (i.e., 79.2% of total NH4+-N in-
puts) could also be linked to simultaneous nitriﬁcation activity
(Szanto et al., 2007). The stimulation of aerobic fermentation at
the beginning of the composting processes led to an increase in
temperature (Fig. 2) which contributed to NH3-N volatilization
(Fig. 4a) from composting piles under high NH4+-N availability
(Fig. 3). Similar patterns were observed in previous studies assess-
ing NH3-N ﬂuxes from manure composting (Fukumoto et al., 2003;
Szanto et al., 2007). Cumulative NH3-N volatilization accounted
for 20.8 ± 2.6% and 15.4 ± 1.8% of the NH4 + -N and TN losses,
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after the 18th day of composting as result of incremental nitriﬁca-
tion/denitriﬁcation activities (Fig. 3a).
Limited increments on NO3-N and NO2-N contents were ob-
served in the compost piles (Fig. 3) suggesting that these labile
intermediates, particularly NO2-N were rapidly consumed during
denitriﬁcation. N2O-N emission was prominent concomitantly
with the intensiﬁcation of nitriﬁcation/denitriﬁcation processes
(Fig. 3a and Fig. 4a). Nitrate rich environments with limited oxygen
availability (mirroring the conditions established in our experi-
ment, i.e., CH4-C production by oxygen sensitive methanogens
(Fig. 2)) are known to increase N2O-N emissions in manure com-
posting (Tsutsui et al., 2013). N2O-N emission accounted for
7.3 ± 1.2% and 5.4 ± 0.9% of the NH4+-N and TN losses, respectively.
N losses through volatile organic compounds or nitric oxide
(NO) emissions are typically negligible in composting processes
(Tsutsui et al., 2013). Thus it is reasonable to assume that most
of the unaccounted N losses were related to complete denitriﬁca-tion to N2 (Paillat et al., 2005). In this regard, N2-N emissions ac-
counted for 79.1 ± 2.0% of the TN losses registered in the
experiment [TN losses – (measured NH3-N + N2O-N emissions)].
This result was within acceptable N2-N emissions range (i.e.,
68%) as previously demonstrated for composting piles (Paillat
et al., 2005).
3.5. Microbial nitriﬁcation and denitriﬁcation
Nitriﬁcation is a two-step aerobic process where NH4+ is cata-
lyzed by ammonia monooxygenase [encoded amoA gene (Maeda
et al., 2010)] to NH2OH which is then reduced to a mixture of
NO3/NO2 by hydroxylamine oxidoredutase. Denitrifying bacteria
can reduce NO3 to N2 in four steps. First, NO3 is reduced to NO2
by bacteria harboring narG or napA that encode for nitrate-reduc-
tase. Although denitrifying bacteria can contain one or both genes,
narG is considered to be more extensive and representative (Smith
et al., 2007; Reyna et al., 2010). The second reaction that involves
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nirS or nirK that are genes that distinguishes denitriﬁer community
from other nitrate-reducing bacteria (Priemé et al., 2002; Yan et al.,
2003). In the third step, NO is reduced to N2O, by nitric oxide
reductase encoded by the norB gene. Last step in denitriﬁcation
is associated with the reduction of N2O to N2 by nitrous oxide
reductase encoded by the nosZ gene (Chon et al., 2011).
In this work, these catabolic genes were utilized to assess the
main nitriﬁcation and denitriﬁcation processes occurring over time
during the SL composting process. We recognize that the primers
and probes developed to target the aforementioned functional
genes are unlikely capable to encompass all natural microbial ge-
netic diversity encountered in the composting pile. Consequently,
limitations on the use of these functional genes may exist as resultof absence of detection and/or ampliﬁcation mismatches. Nonethe-
less, the use of these biomarkers has demonstrated their usefulness
to characterize the natural diversity of denitrifying bacteria in
environmental samples (Braker et al., 1998, 2000, 2001; Braker
and Tiedje, 2003; Huang et al., 2011).
The measured abundance of nitrifying and denitrifying bacteria
functional genes amoA, narG, nirS, cnorB, qnorB, and nosZ veriﬁed in
the compost pile since the beginning of the experiment suggested
that nitriﬁcation and denitriﬁcation metabolic processes were
occurring simultaneously at some extent (Fig. 5). Nonetheless, sig-
niﬁcant NH4+-N consumption that occurred up to 4th day of com-
posting were most likely attributed to microbial assimilation as
corroborated by the increased Org-N content rather than nitriﬁca-
tion (represented by the amoA). However, contrary to Fukumoto
Fig. 5. Bacterial genes distribution over time within swine slurry composting pile. Error bars are standard deviation from triplicate.
Table 3
Pearson’s coefﬁcients (r) obtained for correlations between compost parameters,
nitrifying and denitrifying functional genes with N2O and N2 emissions during swine
slurry composting (n = 6).
Parameter N2O N2
r p r p
Temperature 0.608 0.201 0.000 0.999
Moisture 0.179 0.735 0.254 0.627
NO3--N 0.979 <0.001a 0.286 0.582
NO2--N 0.685 0.113 0.361 0.482
16S rDNA 0.758 0.080 0.688 0.131
amoA 0.160 0.762 0.282 0.588
narG 0.636 0.175 0.865 0.026a
nirS 0.668 0.147 0.830 0.041a
cnorB 0.316 0.542 0.373 0.467
qnorB 0.115 0.829 0.419 0.408
nosZ 0.564 0.244 0.841 0.036a
a Statistically signiﬁcant.
374 G. Angnes et al. / Bioresource Technology 140 (2013) 368–375et al. (2003) ﬁndings, the presence of amoA at these initial ther-
mophilic composting stages supported the notion that nitriﬁca-
tion was not inhibited by high temperature and/or NH4+-N
content.
Following 18 days of experiment it was observed an augmen-
tation in nitrifying/denitrifying bacteria activity that led to a
reduction in ammonia volatilization (Fig. 4a) and accumulation
of NO2-N and NO3-N as substrates for enzymes encoded by
nirS and narG, respectively (Fig. 3a and 5). The increased denitri-
ﬁcation activity stimulated the production of nitrous oxide
(Fig. 4a) as evidenced by the spike in qnorB (Fig 5, day 18).
Although N2O-N emissions can result from oxic nitriﬁcation, high
N2O-N emissions from composting piles is usually associated
with denitriﬁcation processes under limiting oxygen conditions
(Tsutsui et al., 2013). Among denitriﬁcation catabolic genes, nosZ
is most sensitive to low oxygen concentrations (Giles et al.,
2012), thus impairing N2O-N reduction to N2-N. The limited oxy-
gen bioavailability found within the pile could explain the exac-
erbated N2O-N emissions at this stage of composting (Mc Elroy
et al. 1978; Tsutsui et al., 2013)
The high moisture content and biological oxygen demand by
microbial aerobic respiration led to formation of anaerobic regions
that were conducive to methanogenic niche (Fig. 2). Determining
whether methanogens (Sintes et al., 2012) or methanothrophs
(Neufeld and Knowles, 1999) contributed to nitriﬁcation was be-
yond the scope of this work, nonetheless, these ubiquitous micro-
organisms are known to nitrify and were most likely present in the
composting environment. Corroborating with this hypothesis,
ammonia oxidation rate during the thermophilic stage of agricul-
tural waste composting was found to be correlated and dominated
by archaeal amoA gene rather than bacterial amoA gene (Zeng et al.,
2011). This is a clear evidence that nitriﬁcation is a complex pro-
cess intermediated by several microbial communities.
Based on the abovementioned, strategies to minimize N losses
from SL composting facilities should aim on controlling nitriﬁca-
tion and denitriﬁcation processes. Whereas discussing bacteria
metabolism control strategies was not in the scope of this study,
numerous factors are known to control denitriﬁcation, including
changes in oxygen concentration, moisture, pH, N and C content,
as well as the size and structure of the microbial communities
(for review see Giles et al., 2012).3.6. Gene correlation with N2 and N2O emissions
The usefulness of nitrifying and denitrifying genes to estimate
N2 and N2O emissions from soils was previously documented (Cˇu-
hel et al., 2010; Maeda et al., 2010). Among the genes tested in this
work, the temporal distribution of narG, nirS, and nosZ concentra-
tion correlated signiﬁcantly (p < 0.05) with the estimated N2-N
emissions, while NO3-N content correlated signiﬁcantly
(p < 0.02) with measured N2O-N emission (Table 3). NO3-N is
preferentially reduced comparatively to N2O-N due to the relative
low energy yield obtained with N2O-N (Giles et al., 2012). Thus,
increasing on NO3-N content within compost piles enhanced
N2O-N emissions, as veriﬁed after the 18th day of composting.
The abundance of nosZ and nirS genes and the proportion of
nosZ/nirS genes were previously reported to correlate with the ra-
tio of N2O/(N2 + N2O) emission from soils, yet the mechanisms that
regulates that ratio has not yet been fully understood (Cˇuhel et al.,
2010). In this study (cnorB + qnorB)/nosZ ratioP 100 served to in-
fer on N2O-N production exceeding consumption rate (Oenema
et al., 2005) thus indicating the biological N2O-N emissions poten-
tial from SL composting piles.
G. Angnes et al. / Bioresource Technology 140 (2013) 368–375 375The usefulness of molecular biology to infer on N emissions is
particularly relevant considering that data collection on gaseous
ﬂuxes from compost piles (CO2, CH4, NH3, N2O or N2) is technically
difﬁcult (Morales et al., 2010). Moreover, quantifying the abun-
dance of denitrifying catabolic genes that controls the natural pro-
duction of N2O and N2 could contribute with existing gas ﬂux
models (Morales et al., 2010; Bouskill et al., 2012) ultimately reﬁn-
ing our estimations on gaseous N emissions.
4. Conclusions
The use of nitrifying- and denitrifying-bacterial catabolic genes
served to demonstrate the temporal distribution of microbial com-
munity associated with N dynamics within SL composting pro-
cesses. Unaccounted N losses correlated signiﬁcantly with
denitrifying narG, nirS and nosZ genes thus supporting evidences
of complete denitriﬁcation to N2. Overall, these genes could be use-
ful biomarkers to effectively help our current understanding of the
dominant biological metabolism affecting nitrogen cycle within SL
composting. This is particularly important considering our empiri-
cal limitations to directly measure N2 emissions in such systems at
ﬁeld scale.
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